Role of Sterol Regulatory Element Binding Proteins in the Regulation of G␣ i2 Expression in Cultured Atrial Cells
Ho-Jin Park,* Ulrike Begley,* Dequan Kong, Haiyan Yu, Liya Yin, F. Bradley Hillgartner, Timothy F. Osborne, Jonas B. Galper T he balance between the response of the heart to parasympathetic and sympathetic stimuli determines not only the rate and force of contraction, but may also play a role in regulating cardiac excitability. 1 Parasympathetic regulation of heart rate involves the binding of acetylcholine to M 2 muscarinic receptors localized primarily on atrial myocytes. Acetylcholine binding results in the dissociation of the heterotrimeric G protein, G i2 , into ␣ i2 and ␤␥ subunits and activation of the inward rectifying K ϩ channel, GIRK, with a resulting increase in diastolic depolarization and a decrease in beat rate. 2 The conclusion that the increased expression of G␣ i2 might effect cardiac excitability and parasympathetic response is consistent with a recent report in which the overexpression of G␣ i2 in the atrioventricular (AV) node of the pig via an adenoviral vector decreased AV conduction and slowed the ventricular response to atrial fibrillation and interfered with the effects of ␤-adrenergic stimulation on cardiac excitability. 3 We have previously demonstrated that growth of embryonic chick atrial cells in medium supplement by lipoproteindepleted serum (LPDS) resulted in a marked increase in their response to muscarinic stimulation and a reciprocal decrease in their response to ␤-adrenergic stimulation. These effects of LPDS were reversed by adding back the serum LDL fraction to the culture medium. 4 The increase in the parasympathetic response in cells cultured in LPDS was associated with an increase in the expression of muscarinic receptors, G␣ i2 and GIRK1. 4, 5 These findings suggested that a unique relationship might exist between lipid metabolism, the regulation of genes involved in the parasympathetic response of the heart and the response of the heart to parasympathetic stimulation.
Sterol regulatory element binding proteins (SREBPs) are a family of 3 transcription factors that regulate gene expression by binding to a sterol regulatory element (SRE). SREBPs are synthesized as Ϸ130-kDa proteins that contain 3 distinct domains: an NH 2 -terminal domain of Ϸ480 amino acids that is a transcriptional activator of the basic helix-loop-helixlucine zipper family; a hairpin membrane anchor domain of Ϸ80 amino acids comprising 2 transmembrane segments separated by a short hydrophilic loop; and a carboxy-terminal domain of Ϸ590 amino acids that plays a regulatory role. In lipoprotein-depleted cells, the protein is transported into the Golgi by a SREBP cleavage-activating protein where SREBP is sequentially cleaved with release of the NH 2 -terminal peptide, which is transported into the nucleus. 6 The expression and cleavage of SREBPs are subject to feedback regulation by sterols. To date, three SREBPs have been identified: SREBP-1a and 1c, produced from a single gene through the use of alternate promoters, and SREBP-2 from a separate gene. SREBPs have been shown to play a role in lipid homeostasis by regulating the expression of genes coding for enzymes involved in cholesterol and fatty acid synthesis. 7 Little is known about the regulation of gene expression by sterols and SREBPs in the heart. The stimulation of G␣ i2 expression by lipoprotein depletion suggested that SREBP might play a role in the regulation of G␣ i2 expression and the parasympathetic response in the heart. In the present study, we present data that demonstrate that in cultured heart cells SREBP regulates the expression of G␣ i2 , a protein whose function has not been directly associated with lipid homeostasis.
Materials and Methods

Preparation of Lipoprotein-Depleted Serum
LPDS was prepared as described previously. 5 
Primary Culture of Chick Embryonic Heart Cells
Chick atrial myocyte cultures from embryos 14 days in ovo were prepared as described previously 8 except that cells were preplated for 45 minutes before plating.
Vectors
The chick G␣ i2 promoter (Genbank accession No. L24549) has been described previously. 5 G␣ i2 deletion luciferase reporter constructs, pGL3-G␣ i2 -2.2 kb, pGL3-G␣ i2 -0.8 kb, and pGL3-G␣ i2 -0.3 kb were derived by restriction digestion of pBS-G␣ i2 -2.2 kb with the appropriate restriction enzymes followed by ligation to pGL3-Basic (Promega). The pGL3-G␣ i2 -0.15 kb construct was generated by PCR using pGL3-G␣ i2 -2.2 kb as template, 5Ј primer AAACTCGAGTCGCCACGC-CCCCTACC and 3Ј primer AATAAGCTTGATATCGAATTCCTGC. pGL3-G␣ i2 -0.07 kb was generated similarly except that the 5Ј primer was AAACTCGATAGGCCCCGCCCCGCCC. PCR products were digested with XhoI-HindIII and ligated into pGL3-Basic. The chick G␣ s promoter-luciferase reporter construct, pGL3-G␣ s -1.2 kb, was generated by ligating a HindIII fragment of the G␣ s -1.9 kb promoter (Genbank accession No. AF480445) into pGL3-Basic. Point mutations in the putative SRE were generated in a 2-step PCR reaction using the pGL3-G␣ i2 -0.8 kb as template. For the first reaction, the 3Ј primer was CGGAATGCCAAGCTTACTTA containing a HindIII site and 5Ј primers, M 1 , CGCCCGCCCCCAACCCTACAT; M 2 , CGCCCGC-CCCCCAACCTACAT; and M 3 , CGCCGCCCCCAAACCTACAT (mutated bases are shown in bold). In the second PCR reaction a 5Ј primer containing a KpnI site, TATCGATAGGTACCGAGCTCT, was added. PCR products were digested with KpnI and HindIII, and ligated to pGL3-Basic. The LDL receptor promoter luciferase reporter and the vectors expressing nuclear SREBP-1a, SREBP-1c, and SREBP-2 have been described previously. 9, 10 The vector expressing ADD1/SREBP-1 dominant-negative mutant was a gift of B. Spiegelman, Dana-Farber Cancer Institute, Boston, Mass. 11
Transfection of Cells
LipofectAMINE Plus (Life Technologies) was used according to the manufacturer's protocol with slight modifications. A total of 2 g of plasmid DNA including 0.2 g of luciferase reporter construct, 0.2 g of pCMV␤gal, 1 g or indicated amount of the vector expressing the indicated SREBP, and sufficient pBlueScript to maintain total DNA constant, was used to transfect cells cultured in 6-well dishes to 80% confluence. Cells were incubated with the liposome-DNA complex in Opti-Mem I (GIBCO BRL) for 5 hours. Medium supplemented with either 12% FCS or LPDS was added and incubation continued overnight. Medium was removed and cells incubated in fresh medium with 6% FCS or LPDS for 24 hours. Luciferase and ␤-galactosidase assays were carried out as described. 12 Data were presented as the meanϮSEM and analyzed by Students' t test where indicated.
RNAse Protection Assay
Antisense RNA probes for chicken SREBP-1 and chicken SREBP-2 were generated as described. 13 An 18S rRNA probe, which was used as a control for RNA loading, was made from pRTI 18S probe template (Ambion). Labeled RNAs were purified by PAGE. RNA was extracted from chick embryonic atrial cells and embryonic chick hepatocytes by the guanidinium thiocyanate/phenol/chloroform method. 12 Total RNA (20 g) was hybridized to 4ϫ10 4 cpm of 32 P-labeled RNA at 45°C for 16 hours. The sample was then digested with a mixture of RNAse A and RNAse T. Protected fragments were separated on 8 mol/L urea/5% polyacrylamide gels. Gels were dried and subjected to storage phosphor autoradiography. Images were quantified using ImageQuaNT software by Molecular Dynamics.
Preparation of Membrane and Nuclear Extracts and Western Blot Analysis
Nuclear extracts were prepared by the method of Dignam et al. 14 Briefly, cells from four 100-mm plates were pooled and centrifuged at 1000g for 5 minutes at 4°C. The pellet was homogenized in buffer (in mmol/L: 10 HEPES, pH 7.9, 10 KCl, 1.5 MgCl 2 0.1 EDTA, 0.1 EGTA, 1 dithiothreitol, and protease inhibitor cocktail [1:100 dilution; Sigma]) using 20 strokes of a dounce homogenizer. The homogenate was centrifuged at 1000g for 10 minutes. The nuclear pellet was resuspended in buffer (20 mmol/L HEPES, pH 7.9, 0.4 mol/L NaCl, 2.5% glycerol, 1 mmol/L EDTA, 1 mmol/L EGTA, 1 mmol/L dithiothreitol, and protease inhibitor cocktail [1:100 dilution]). The suspension was rotated for 30 minutes and then centrifuged for 30 minutes at 15 000g. The supernatant was taken as the nuclear extract. The membrane pellet was prepared from the original 1000g supernatant by centrifugation for 1 hour at 100 000g. The resulting membrane pellet was dissolved in (mmol/L) 10 Tris/HCl, pH 6.8, 100 NaCl, 1% SDS, 1 EDTA, 1 EGTA, and 1 dithiothreitol.
Western blot analyses were carried out as described previously. 13 Blots were blocked in Blotto (5% nonfat dry milk, 10 mmol/L Tris/HCl, pH 8.0, 0.15 mol/L NaCl containing 0.02% Tween-20) at 4°C overnight and then incubated with monoclonal antibody against SREBP-1 (IgG-2A4 from American Type Culture Collection [ATCC]) or SREBP-2 (IgG-1D2 from ATCC) diluted to 1 g/mL in blocking solution for 1 hour at room temperature. Blots were visualized by using anti-mouse IgG conjugated to horseradish peroxidase (1:10 000, Jackson ImmunoResearch) followed by chemiluminescence using Super Signal substrates (Pierce).
Gel-Shift Assays
Gel-shift assays were carried out as described, 9 using double stranded oligonucleotides 33 base pairs in length: wild-type, TGCCTCGCCCGCCCCCCACCCTACATCCCCGCC; M 1 , TGC-CTCGCCCGCCCCCAACCCTACATCCCCGCC; M 2 , TGC-CTCGCCCGCCCCCCAACCTACATCCCCGCC; and M 2 , TGC-CTCGCCCGCCCCCAAACCTACATCCCCGCC (mutated bases are shown in bold). Oligonucleotides were end-labeled with 32 P and 20 pmol of oligonucleotide incubated on ice with 1 g of poly (dI.dC), 5% ficoll, 5 g of nonfat milk protein, and 20 ng of purified recombinant SREBP-1a protein in 20 L of buffer, 12 mmol/L HEPES, pH 7.6, 1 mmol/L MgCl 2 , 50 mmol/L KCl, and 10% glycerol for 20 minutes. 8 Protein-DNA complexes were separated on a 5% polyacrylamide gel, 0.5ϫTBE gel at room temperature and visualized by autoradiography.
Results
Effect of SREBP on the Expression of G␣ i2
We had previously demonstrated that growth of embryonic chick atrial cells in medium supplemented with LPDS resulted in increased expression of both G␣ i2 protein and mRNA. 4, 5 In order to determine whether SREBP played a role in the induction of G␣ i2 expression in response to growth of cells in LPDS, we studied the regulation of the G␣ i2 promoter luciferase reporter (G␣ i2 -Luc) in embryonic chick atrial cells cultured in LPDS and in cells cotransfected with a vector expressing SREBP-1a. Data summarized in Figure 1 demonstrate that in embryonic chick atrial cells transfected with G␣ i2 -Luc (pGL3-G␣ i2 -2.2 kb), growth in LPDS resulted in a 2.0Ϯ0.1-fold increase (ϮSEM, nϭ5; PϽ0.01) in G␣ i2 promoter activity. This effect was specific for G␣ i2 as demonstrated by the absence of an effect of LPDS on chick G␣ s promoter activity ( Figure 1A) . A parallel study demonstrated that in cells transfected with an LDL receptor promoter luciferase reporter (LDLR-Luc) growth in LPDS resulted in a 3.0Ϯ0.5-fold stimulation (ϮSEM, nϭ5; PϽ0.01) of LDL receptor promoter activity. Cotransfection of cells cultured in media supplemented with FCS with G␣ i2 -Luc and pcDNA-SREBP-1a resulted in a 2.5Ϯ0.1-fold increase (ϮSEM, nϭ5; PϽ0.01) in G␣ i2 promoter activity compared with control ( Figure 1B ), whereas cotransfection with LDLR-Luc and pcDNA-SREBP-1a resulted in a 5.4Ϯ0.5-fold increase (ϮSEM, nϭ5; PϽ0.01) in LDL receptor promoter activity. SREBP-1a had no effect on G␣ s promoter activity ( Figure  1B ). Furthermore stimulation of G␣ i2 promoter activity by SREBP-1a was concentration dependent as demonstrated by the increase in G␣ i2 promoter activity with increased concentration of pcDNA-SREBP-1a in the transfection medium ( Figure 1C ).
Effect of LPDS on the Expression and Processing of Chick Atrial SREBPs
Although the growth of liver cells in LPDS has been shown to stimulate the expression and processing of SREBP-1a, SREBP-1c, and SREBP-2, the effect of lipoprotein depletion on the expression and processing of the SREBPs in heart has not been studied. Chick hepatocytes have been shown to express only SREBP-2 and a second SREBP, which is most like SREBP-1a. 13 Data summarized in Figure 2A demonstrate that LPDS had no effect on the expression of mRNA coding for either SREBP-2 or SREBP-1 compared with atrial cells from hearts 14 days in ovo cultured in FCS. However, Western blot analysis of SREBP-1 in nuclear extracts and membrane preparations of embryonic chick atrial cells cultured in FCS and LPDS demonstrated that growth in LPDS induced a marked decrease in the level of a 130-kDa membrane-associated SREBP-1 ( Figure 2B , left) and a marked increase in the level of the 60-kDa cleavage product of SREBP-1 in nuclear extracts ( Figure 2B, right) . These data are consistent with the conclusion that LPDS increases SREBP-1 activity via an effect on processing of the SREBP-1 mRNA, SREBP-2 mRNA, and 18S rRNA were measured using an RNase protection assay. As positive control, the abundance of these RNAs was measured in chick embryo hepatocytes treated with insulin and thyroid hormone (T3). All of the SREBP-1 mRNAs in chicken cells are derived from a single promoter, as demonstrated by the failure of 5Ј-RACE analysis and RNase protection assays using probes from the 5Ј end of the SREBP-1 cDNA to detect 5Ј-heterogeneity in SREBP-1 transcripts. 13 These data are typical of 3 similar experiments. B, Membrane (P100) and nuclear (NE) extracts of cells cultured in FCS or LPDS for 24 hours were prepared as described in Materials and Methods. PAGE and Western blot analysis were carried out as described using monoclonal antibody IgG-2A4, which is specific for SREBP-1. 13 Data are typical of 3 similar experiments.
membrane-associated precursor. It was not possible to study the effect of LPDS on SREBP-2 processing because of poor cross-reactivity with available antibodies.
Demonstration of a Functional SRE in the G␣ i2 Promoter
Analysis of the G␣ i2 promoter demonstrated the presence of an 8-bp region at position Ϫ219 to Ϫ212 with the sequence CACCCTAC, which was highly homologous to the SRE consensus sequence CACCSYAC where S is G or C and Y is a pyrimidine. This SRE-like sequence was associated with several adjacent Sp1 sites ( Figure 3A) . In order to determine whether this SRE was functionally significant, we constructed a series of deletion mutants of the G␣ i2 promoter and determined the ability of these mutant promoters to respond to overexpression of SREBP-1a ( Figure 3A) . Deletions of the G␣ i2 promoter upstream of the putative SRE, pGL3-G␣ i2 -0.8 kb and pGL3-G␣ i2 -0.3 kb, had no effect on SREBP-1a stimulation of G␣ i2 promoter activity ( Figure 3B ). However, each of these deletions resulted in an increase in basal G␣ i2 promoter activity consistent with the presence of a repressor upstream of position Ϫ300. The response to SREBP-1a was abolished in cells cotransfected with G␣ i2 promoter constructs in which the deletions included the putative SRE, pGL3-G␣ i2 -0.15 kb and pGL3-G␣ i2 -0.07 kb ( Figure 3B ). The specificity of these deletions in pGL3-G␣ i2 -0.15 kb for abolishing the response to SREBP is supported by the finding that basal G␣ i2 promoter activity was unaffected in pGL3-G␣ i2 -0.15 kb (Figure 3B ), thus ruling out the possibility that the loss of the SREBP response reflects the fact that the basal promoter has been deleted to the point where it is no longer functional.
To further determine the function of this SRE-like sequence, a series of point mutations of the putative SRE were generated and their effect on SREBP stimulation of G␣ i2 promoter activity determined. All three of these mutations inhibited SREBP stimulation of G␣ i2 promoter activity by 70Ϯ8.2% (ϮSEM, nϭ3, PϽ0.01; Figure 4A ) without effecting basal promoter activity. More importantly each of these mutations completely abolished the ability of LPDS to stimulate G␣ i2 promoter activity ( Figure 4B ).
Gel shift assays were used to determine whether the effects of point mutations in the putative SRE on SREBP stimulation of G␣ i2 promoter activity reflected actual changes in the binding of SREBP-1a. Data summarized in Figure 4C demonstrated that although purified SREBP-1a formed a complex with a [ 32 P]-labeled oligonucleotide containing the wild-type sequence, SREBP-1a did not form significant complexes with any of the three oligonucleotides containing mutant SRE sequences. Finally, we determined the effect of the dominant-negative mutant of SREBP-1 on LPDS stimulated G␣ i2 promoter activity. Cotransfection of embryonic chick atrial cells with G␣ i2 -Luc and the DN-SREBP-1 mutant abolished LPDS stimulation of the G␣ i2 promoter activity ( Figure 4D ).
Specificity of SREBP Subtypes for the Stimulation of G␣ i2 Promoter Activity
Although we were able to demonstrate that growth of cells in LPDS stimulated the accumulation of SREBP-1 in the nucleus, we were unable to study the effect of LPDS on SREBP-2. In order to determine the relative specificity of SREBP-2 and/or SREBP-1 for the stimulation of G␣ i2 promoter activity, we compared G␣ i2 promoter activity in cells cotransfected with G␣ i2 -Luc and increasing concentrations of a construct expressing either SREBP-2, SREBP-1a, or SREBP-1c. Both SREBP-1a and SREBP-1c demonstrated a 2.6Ϯ0.2-and 2.2Ϯ0.2-fold stimulation (ϮSEM, nϭ3) of G␣ i2 promoter activity at 1 g SREBP DNA, respectively, with a similar concentration dependence, whereas SREBP-2 had a minimal effect (1.3Ϯ0.1-fold) only at 1 g (Figure 5 , right). This specificity of SREBP for stimulation of G␣ i2 promoter activity is in marked contrast to the specificity and concentration dependence of SREBP stimulation of the LDLR promoter in these cells where SREBP-1a gave a 9.1Ϯ0.6-fold response (ϮSEM, nϭ3), SREBP-2 gave a 6Ϯ0.8-fold response (ϮSEM, nϭ3), and SREBP-1c gave a 3.5Ϯ0.5-fold response (ϮSEM, nϭ3) at 1 g SREBP DNA (Figure 5 , left).
Discussion
These data are consistent with the conclusion that the growth of embryonic chick atrial cells in LPDS stimulated the Figure 3 . Effect of deletions of the G␣ i2 promoter on SREBP stimulation of G␣ i2 promoter activity. Deletion constructs of the G␣ i2 promoter (A) were generated as described. Sequence of the proximal 300 base region of the G␣ i2 promoter is shown. SRE-like sequence is shown underlined and in bold; putative Sp1 sites shown underlined. Effect of serial deletions of the G␣ i2 promoter on SREBP stimulation of G␣ i2 promoter activity (B). Luciferase activity was determined as described above. Data are typical of 3 experiments carried out in triplicate.
expression of G␣ i2 via the interaction of SREBP with an SRE in the G␣ i2 promoter. Given that growth of cells in the absence of lipoproteins stimulated the accumulation of chick SREBP-1 in the nuclear fraction, the finding that overexpression of SREBP mimicked the effect of LPDS on G␣ i2 promoter activity and the demonstration of an SRE consensus sequence in the G␣ i2 promoter suggested a role for SREBP in the regulation of G␣ i2 expression by LPDS. The finding that the deletion of the SRE-like sequence abolished the response of G␣ i2 promoter activity to SREBP overexpression further supported this conclusion. Furthermore, point mutations in the SRE-like sequence of the G␣ i2 promoter completely abolished the response of G␣ i2 to LPDS and interfered with the binding of purified SREBP to the SRE. Taken together with the finding that the DN-SREBP-1 mutant inhibits LPDS-stimulated G␣ i2 promoter activity, these data support the conclusion that LPDS stimulation of G␣ i2 promoter activity is mediated by SREBP. SREBPs exhibited a specificity for the stimulation of G␣ i2 promoter activity, which was significantly different than that for the LDL receptor promoter with a potency SREBP-1aϭSREBP-1cӷSREBP-2, whereas LDL receptor promoter activity was stimulated with a potency of SREBP-1aϾSREBP-2ӷSREBP-1c. These data suggested that SREBP-1 may play a role in the regulation of G␣ i2 expression.
The finding that the fold stimulation of G␣ i2 promoter activity by SREBP-1 is significantly less than that for the LDL receptor promoter is due to the fact that basal G␣ i2 promoter activity is significantly higher than that for the LDL receptor. The critical point is that stimulation of G␣ i2 promoter activity by LPDS or SREBP is statistically significant, reproducible, and abolished by mutants of the SRE-like sequence and by a DN-SREBP mutant. It is likely that the high basal level of G␣ i2 promoter activity reflects the fact that, unlike the LDL receptor, the cell requires a higher basal level of expression of G␣ i2 in order to carry out essential cellular processes. Although Sp1 and NF-1 sites have been shown to play a role in potentiating SREBP signaling, it remains to be determined whether Sp1 sites found adjacent to the SRE in the G␣ i2 promoter are involved in SREBP regulation of G␣ i2 promoter activity. 15, 16 Recent studies in hamsters using both HMG-CoA reductase inhibitors and sterol depletion with bile acids have demonstrated that the expression of SREBP-2 and SREBP-1 is differentially regulated. 17 Furthermore, in transgenic mice expressing dominant activating forms of SREBP-2 and SREBP-1, SREBP-2 has been shown to be a relatively selective activator of cholesterol synthesis as opposed to fatty acid synthesis, 18 whereas SREBP-1 has been shown to be relatively specific for the regulation of enzymes involved in fatty acid biosynthesis. 19, 20 Recent data have also demonstrated a role for SREBP-1 as a mediator of insulin action on the expression of glucokinase in liver. 21 Although little is known regarding the function of SREBP in the heart, these studies demonstrate a mechanism for the regulation of gene expression by SREBP in cardiac tissue. The finding that SREBP-1 rather than SREBP-2 regulates G␣ i2 promoter activity is consistent with the observation that SREBP-1 is relatively specific for the regulation of genes not involved in cholesterol biosynthesis. 19, 20 Furthermore, this is the first demonstration of SREBP regulation of expression of a protein that does not play an obvious role in lipid metabolism, fatty acid synthesis, or the generation of precursors to fatty acids.
We have previously demonstrated that growth of atrial cells in LPDS coordinately stimulated the expression of M 2 , G␣ i2 , and GIRK1 and markedly increased the response of atrial myocytes to parasympathetic stimulation. 5 Although data for the regulation of M 2 and GIRK1 by SREBP are not yet available, our prior observation that LPDS coordinately regulated the expression of all three genes strongly suggests that M 2 and GIRK1 might also be regulated by SREBP. Hence, the entire pathway for the regulation of heart rate by parasympathetic stimulation might be regulated by SREBP. Furthermore, the recent finding that expression of G␣ i2 in the porcine heart by intracoronary perfusion with an adenovirus expressing G␣ i2 resulted in a decrease in atrioventricular conduction, and a decrease in ventricular rate response to atrial fibrillation is consistent with the conclusion that overexpression of G␣ i2 might effect cardiac excitability. 3 Although no studies of the parasympathetic response of hearts perfused with adenovirus-expressing G␣ i2 were reported, the decrease in excitability in response to the expression of G␣ i2 could be related to an increase in parasympathetic tone. Finally, given the role of G␣ i2 in the inhibition of cAMP production in response to muscarinic stimulation, 22 SREBP stimulation of G␣ i2 expression could interfere with the response of the heart to sympathetic stimulation. Given data that suggest a relationship between parasympathetic tone and the development of cardiac arrhythmias, 1, 22 data presented in the present study suggest a possible new relationship between lipid metabolism and cardiac excitability.
